An uncertainty analysis for steady-state thermal transmission properties determined by the National Institute of Standards and Technology (NIST) 1016 mm Guarded-Hot-Plate apparatus is presented for fibrous-glass blanket and expanded polystyrene board. The uncertainties are presented for the guarded-hot-plate apparatus in the single-sided mode of operation covering specimen heat flows from 0.5 W to 5 W. The relative expanded uncertainties for thermal resistance increase from 1 % to 3.5 % for thicknesses of 25.4 mm to 254 mm, respectively. Although these uncertainties have been developed for two thermal insulation materials, the results are indicative of other insulation materials measured at a mean temperature near 297 K (23.9 °C). This assessment of uncertainties is of particular interest for users of Test Method C 177 that operate similar apparatus at low heat flows (i.e., near or less than 1 W). Implications for laboratories that develop secondary standards from NIST calibrations are discussed.
Introduction
The accurate determination of steady-state thermal transmission properties for building materials, especially thermal insulation, is important for determining the heat transmission through the thermal envelope of buildings and for subsequently sizing the conditioning equipment necessary to control the thermal environment of the building space. Recent renewed interest in energy efficiency in buildings has resulted in manufacturers producing higher performance thermal insulation materials and, consequently, requiring thicker reference materials. The National Institute of Standards and Technology (NIST) provides certified reference materials, such as NIST thermal insulation Standard Reference Materials (SRMs®) and Calibrated Transfer Specimens (CTS), using the guarded-hotplate method.
The guarded-hot-plate method, which was standardized in 1945 after many years of effort and designated ASTM Test Method C 177 [1] , has become an authoritative measurement technique in North America. Thermal insulation reference materials having certified values of thermal resistance are used by laboratories for checking the operation of guarded-hot-plate apparatus (Test Method C 177) and for the calibration of heat-flow-meter apparatus (ASTM Test Method C 518 [2] ). In many cases, these laboratories utilize NIST certified reference materials to develop secondary standards for use as part of their quality control and assurance processes. Of interest to both NIST and industry is the development of valid uncertainty statements for NIST certified reference materials.
In October 1992, NIST officially adopted a new policy [3] for the expression of measurement uncertainty consistent with international practices. The NIST policy is based on recommendations by the Comité International des Poids et Mesures (CIPM) given in the Guide to the Expression of Uncertainty in Measurement [4] or "GUM" as it is now often called. Based on the approach advocated in the GUM, an uncertainty (re-)assessment of the NIST 1016 mm Guarded-Hot-Plate 3 of 32 apparatus was recently published for a specific low-density fibrous-glass blanket at thicknesses from 25.4 mm to 228.6 mm at a mean temperature of 297 K [5] . This paper extends the results by including additional types of fibrous-glass blanket insulations as well as expanded polystyrene board and a composite polystyrene board. Firstly, this paper describes the thermal transmission properties defined in ASTM C16 standards, the measurement principle for double-and single-sided operation configurations, and experimental results for the NIST 1016 mm Guarded-Hot-Plate apparatus. There is a description of the measurement uncertainty based on the GUM approach that includes definitions of terms, sources of uncertainty, and quantification of uncertainty components for the NIST 1016 mm Guarded-Hot-Plate apparatus. Lastly, the paper presents a discussion of the measurement uncertainty for the apparatus and the implications for users of Test Method C 177.
Thermal Transmission Properties
Test method C 177 is considered an absolute measurement procedure because the resulting thermal transmission properties are determined directly from basic measurements of length, area, temperature, and electrical power. That is, the test results are not determined by ratio of quantities as is the case for Test Method C 518, for example. Essentially, the method establishes steady-state heat flow through flat homogeneous slabs -the surfaces of which are in contact with adjoining parallel boundaries (i.e., plates) maintained at constant temperatures. The steady-state heat transmission properties of the test specimen are determined using Fourier's heat conduction equation by monitoring the boundary temperatures, plate separation, specimen heat flow, and knowing the geometric shape factor for heat flow. In principle, the method can be used over a wide range of building materials, mean temperatures, and temperature differences but, for this paper, the discussion 4 of 32 is limited to thermal insulations tested at a mean temperature of 297 K (23.9 °C) and a temperature difference less than 28 K.
ASTM Practice C 1045 [6] provides a uniform calculation procedure for thermal transmission properties of materials based on measurements from steady-state one dimensional methods such as ASTM Test Method C 177. Table 1 summarizes the generalized one-dimensional equations for thermal resistance (R), thermal conductance (C), thermal resistivity (r), and thermal conductivity (λ).
Here, Q is the time-rate of one-dimensional heat flow through the meter area of the guarded-hot-plate apparatus; A is the meter area of the apparatus normal to the heat flow direction; ΔT is the temperature difference across the specimen; and, L is the specimen thickness.
Measurement Principle
A guarded-hot-plate apparatus (that has appropriate plate temperature controllers) can be operated in either a double-sided mode or in a single-sided mode (also known as two-sided or onesided mode, respectively) as illustrated in Fig. 1 . Figure 1 shows the essential features of a guardedhot-plate apparatus designed for operation near ambient temperature with the plates in a horizontal configuration and heat flow (Q) in the vertical direction through the specimens. In principle, both modes of operation are covered in Test Method C 177; however, additional information on the single-sided mode is available in ASTM Practice C 1044 [7] . For completeness, this report presents both modes of operation but only the single-sided mode is examined in the uncertainty analysis.
Double-sided Mode
In the double-sided mode of operation (Fig. 1a) , two specimens having nearly the same density, size, and thickness are placed on either surface of the guarded hot plate and clamped securely by the cold plates. Under ideal conditions, the guarded hot plate and the cold plates provide constant- temperature boundary conditions to the specimen surfaces and lateral heat flows (Q gap and Q edge ) and their effects are reduced to negligible proportions with proper guarding. Thus, under steady-state conditions, the apparatus provides one-dimensional heat flow (Q) normal to the meter area of the specimen pair. Typically, secondary guarding is provided by a chamber enclosure that conditions the air surrounding the plates to a temperature near the mean specimen temperature (that is, the average surface temperatures of the hot and cold plates in contact with the specimens).
Under steady-state conditions, the operational definition [6] for the mean (apparent) thermal
where (ΔT /L) 1 is the ratio of the surface-to-surface temperature difference (T h -T c ) to the thickness (L) for Specimen 1. A similar expression is used for Specimen 2.
For experimental situations where the temperature differences and the specimen thicknesses are nearly the same, respectively, Equation (1) is reduced to
Using the relationship from Table 1 , Equation (2) can be rewritten to determine the thermal resistance of the specimen pair.
In the double-sided mode of operation, the thermal transmission properties correspond to a mean 2 The thermal transmission properties of heat insulators determined from standard test methods typically include several mechanisms of heat transfer, including conduction, radiation, and possibly convection. For that reason, some experimentalists will include the adjective "apparent" when describing thermal conductivity of thermal insulation. However, for brevity, the term thermal conductivity will be used in this paper. specimen temperature T m given by
Single-sided Mode
In the single-sided mode of operation (Fig. 1b) , auxiliary thermal insulation is placed between the hot plate and the auxiliary cold plate. The auxiliary cold plate and the hot plate are maintained at essentially the same temperature and the heat flow (Q′) through the auxiliary insulation is calculated as follows [7] :
where the prime ( ′) notation denotes a quantity associated with the auxiliary thermal insulation and C′ is the thermal conductance of the auxiliary insulation. As noted in Fig. 1b , the temperature of the hot surface is assumed to be uniform and, hence,
The specimen heat flow (Q) is computed in the following equation:
where Q m is the power input to the meter plate. In the single-sided mode, the factor 2 is removed from Equations (2) and (3) as shown in Equations (6) and (7), respectively.
Experimental Results
This study investigated the following types of thermal insulation materials -fibrous-glass blanket, expanded polystyrene board, and a composite board. , 110 mm thick,) consisting of a core of expanded polystyrene board and one layer of plastic cladding on each specimen surface.
The NIST 1016 mm Guarded-Hot-Plate apparatus, illustrated in Fig. 2 , has been described previously [5] and is discussed briefly here. The apparatus plates (shown in a horizontal configuration in Fig. 2 ) were fabricated from 6061-T6 aluminum and the plate surfaces in contact with the specimens were anodized black to have a total emittance of 0.89. The diameters of the meter plate and guard plate are nominally 0.4064 m and 1.016 m, respectively for a guard-to-meter ratio of 2.5.
The guarded-hot-plate measurements were conducted at a mean temperature (T m ) of 297 K and a ΔT of either 22.2 K or 27.8 K. The apparatus was operated in the single-sided mode of operation ( Fig. 1b) with heat flow in the vertical direction utilizing a 100 mm thick specimen of expanded polystyrene foam as the auxiliary insulation. Table 2 summarizes the input estimates for 16 sets of data for ρ, L, Q, A, ΔT and the output estimates (that is, the thermal transmission data) for R and λ for Materials 1-7. The uncertainty assessment for the measurements is developed and discussed below.
Measurement Uncertainty
The combined standard uncertainty u c (y) of a measurement result y is expressed as the positive square root of the combined variance u c 2 (y) [3] [4] :
where the quantity y is a function of the independent parameters x i : y = f (x 1 , x 2 , ... x N ). Equation (8) is commonly referred to as the "law of propagation of uncertainty" or the "root-sum-of-squares."
The sensitivity coefficients (c i ) are equal to the partial derivative of the function f with respect to an input quantity (∂f/∂X i ) evaluated for the input quantity equal to an input estimate (X i = x i ). The corresponding term, u (x i ), is the standard uncertainty associated with the input estimate x i . The relative combined standard uncertainty is defined as follows (where y ≠ 0):
Following the approach given in the GUM, each u (x i ) is evaluated as either a Type A or a Type B standard uncertainty, or both. Type A standard uncertainties are evaluated by statistical means.
The evaluation of uncertainty by means other than a statistical analysis of a series of observations is termed a Type B evaluation [3] . Type B evaluations are usually based on scientific judgment and may include measurement data from another experiment, experience, a calibration certificate, manufacturer specification, or other means as described in References [3] [4] .
It should be emphasized that the designations "A" and "B" apply to the two different methods of evaluation, not the type of error. In other words, the designations "A" and "B" have nothing to do with the more traditional terms "random" or "systematic." Categorizing the evaluation of uncertainties as Type A or Type B is a matter of convenience, since both are based on probability The application of Equation (8) to the equation for R given in Table 1 yields the following expression for the combined standard uncertainty of R:
Strictly speaking, the sensitivity coefficients c A , c ΔT , and c Q given in Equation (11) are evaluated for the input estimates of A, ΔT and Q. However, treating the sensitivity coefficients as continuous mathematical functions provides insightful information on the measurement uncertainty for R (as will be shown later). From Equation (11), it is evident that as Q decreases, the sensitivity coefficients c A , c ΔT , and c Q increase.
The relative standard uncertainty for R is determined by dividing Equation (11) by R. (12) Equation (12) expresses the standard uncertainties in relative terms and, thus, is generally more convenient for determining the relative standard uncertainty, given fixed-value input estimates. However, as will be shown later, Equation (12) can provide incomplete results if the single-point estimates are assumed to apply over the entire range of apparatus operation (i.e., for different levels of specimen heat flow).
Combined Standard Uncertainty for λ
In general, NIST provides value assignments and uncertainties for R. For completeness in this paper, the application of Equation (8) to the equation for λ given in Table 1 yields the following expression for the combined standard uncertainty of λ:
One of the major differences between the uncertainties computed in Equations (11) and (13) is the inclusion of specimen thickness (L) for λ (Table 1) . If the uncertainty in L is large, the uncertainty in λ will be greater than the uncertainty for R, all other factors the same. Otherwise, for small values of u(L), the relative uncertainties for R and λ are nearly the same. The relative standard uncertainty for λ is determined by dividing Equation (13) by λ.
Expanded Uncertainty
The expanded uncertainty, U, is obtained by multiplying the combined standard uncertainty, u c (y), by a coverage factor, k when an additional level of uncertainty is required that provides an interval (similar to a confidence interval, for example):
The value of k is chosen based on the desired level of confidence to be associated with the interval defined by U and typically ranges from 2 to 3. Under a wide variety of circumstances, a coverage factor of k = 2 defines an interval having a level of confidence of about 95 % and k = 3 defines an interval having a level of confidence greater than 99 %. At NIST, a coverage factor of k = 2 is used, by convention [3] . The relative expanded uncertainty, U r , is defined as follows (where y ≠ 0): Table 3 is unique for the NIST 1016 mm Guarded-Hot-Plate apparatus and should only be used as a guide for other apparatus.
Sources of Uncertainty

Quantification of Uncertainty Components
A useful approach taken in this paper is to treat each uncertainty component separately and evaluate the uncertainty component as either a Type A or Type B standard uncertainty [3] [4] .
Detailed procedures for quantifying the contributory uncertainties for components u(A), u(L), u(ΔT)
, and u(Q) have been described in Reference [5] and, therefore, are only discussed briefly here for the first row of data given in Table 2 .
Meter Area (A)
The meter area is the mathematical area through which the heat input to the meter plate (Q) flows normal to the heat-flow direction under ideal guarding conditions into the specimen. Test
Method C 177 [1] defines the meter area as the sum of the surface area of the meter plate and onehalf the surface area of the guard gap. Based on this definition, and including thermal expansion effects, the circular meter area was calculated from Equation (17) below [5] : ; and,
ΔT mp = temperature difference of the meter plate from the temperature at which r 0 and r i were
The application of Equation (8) to Equation (17) yields
For (T h ) maintained at 308 K (35 °C), the meter area (A) was computed to be 0.12989 m 
Thickness (L)
The standard uncertainty for thickness is required only for Equations (13) 
where the sensitivity coefficients are equal to unity ( 
Temperature Difference (ΔT)
The primary plate temperatures (T) are determined by computing temporal averages of 240 observations over a steady-state interval of 4 h for three small capsule platinum resistance thermometers (PRTs). The combined standard uncertainty for T (Table 3) is given by Equation (20)
where the sensitivity coefficients are equal to unity ( i T c = 1) and the contributory uncertainties from Table 3 each term can be large as shown in Reference [5] . Essentially, the contributory uncertainties u(Q gap ), u(Q ε ), and u(Q′) can be estimated as Type B components either from theoretical calculations (with some difficulty due to the mathematics) or, in this case, from empirical data from other experiments described in detail in Reference [5] .
The combined standard uncertainty for Q (Table 3) is given by Equation (22) )
where the sensitivity coefficients are equal to unity and the contributory uncertainties are 
Discussion
Thermal Resistance (R)
The standard uncertainties for the input estimates Q, A, and ΔT given in Table 2 are summarized in Table 4 for R. Across the 16 sets of data given in ; and for u(ΔT) about 0.09 K. Table 4 also summarizes the corresponding sensitivity coefficients c Q , c A , and c ΔT , the combined standard uncertainty u c (R), and expanded uncertainty U(R) determined from Equations (11) and (15) , as a function of specimen heat flow (Q) in watts. The measurement data given in Table 4 are plotted as symbols identifying the ΔT is the dominant component. However, below 2 W and especially at 1 W and less, the uncertainty for Q is the dominant component. Moreover, because the sensitivity coefficient c Q in Equation (11) is proportional to the inverse square of Q, and u(Q) is always a non-zero value, the resulting effect on uncertainty of R will be substantial at low specimen heat flows. , or 1 %). As the specimen thickness increases, however, Q decreases and U(R) dramatically increases due to the effects discussed above in Fig. 3 . Furthermore, the graph illustrates that for any non-zero value for u(Q) (and to a lesser extent for u(A) and for u(ΔT)), the expanded uncertainty will increase substantially at low values of specimen heat flow (Q).
Thermal Conductivity (λ)
A similar summary of data is given in Table 5 which includes the same standard uncertainties for Q, A, and ΔT given in Table 4 and also includes the standard uncertainty for the input estimates for L given in Table 2 . As was the case for u(Q), u(A), and u(ΔT), the standard uncertainties for u(L) across the measurements are also relatively constant, ranging from 3×10 -5 mm to 4×10 -5 mm. increase in ΔT from 22 K to 28 K can lower the uncertainty for λ (as also evident in Equation (13)).
The results from Figures 3-5 strongly suggest that, for the materials studied, the expanded 18 of 32 uncertainty is independent of material. The primary factor in determining the measurement uncertainty is the relative contributions from the products of variances and their respective sensitivity coefficients. For thin specimens near 25.4 mm, values of Q range from 3 W to 5 W and the major contribution in uncertainty is due to the thickness measurement. As specimen thickness is increased, the specimen heat flow decreases. At specimen heat flows near 1 W or less, the major contribution is due to the uncertainty in determining the specimen heat flow.
Measurement Uncertainty, Precision, and Bias
The term "measurement uncertainty" should not be confused with the ASTM definitions for the terms "precision and bias." Strictly speaking, measurement uncertainty is applicable to the test results from an individual laboratory. It follows that the assessment presented herein is applicable only to the NIST 1016 mm Guarded Hot Plate apparatus, although the approach can be used as a guide for other laboratories. In contrast, precision and bias are defined from a classical approach that distinguishes between random and systematic effects. Precision is defined as the closeness of agreement between independent test results under stipulated conditions and may include withinlaboratory (repeatability) and between-laboratory (reproducibility) components [8] . Bias is defined as the difference between the expectation of the test results and the accepted reference value [8] .
Precision and bias statements, as defined by ASTM, are obtained ideally from the results of an interlaboratory comparison [9] described in Practice E 691 [10] . Thus, the ASTM terms precision and bias apply only to an ASTM test method (such as Test Method C 177) and are to be used for guidance purposes only [11] .
Metrological Traceability
As part of its policy on traceability, NIST has adopted the definition of traceability provided in the most recent version of the International Vocabulary of Basic and General Terms in Metrology [12] . Metrological traceability is defined as a "property of the result of a measurement or the value of a standard whereby it can be related to stated references, usually national or international standards, through an unbroken chain of comparisons all having stated uncertainties." "Stated uncertainties" must be evaluated and expressed in accordance with the GUM (as shown in this paper and Reference [5] ). The recipients of NIST certified reference materials must determine how to incorporate the specified uncertainty in their measurement processes as part of the metrological traceability chain. It is important for the user to note that measurement uncertainty inevitably increases along a sequence of calibration measurements.
Conclusions
Standard and expanded uncertainties for thermal resistance (R) and thermal conductivity (λ) for the NIST 1016 mm Guarded-Hot-Plate apparatus are reported in a format consistent with current NIST policy on the international expression of measurement uncertainty. The uncertainty assessment investigated three types of thermal insulation materials -fibrous-glass blanket, expanded polystyrene board, and a composite board. Steady-state thermal transmission properties of the materials were determined at a mean temperature near 297 K using a guarded-hot-plate apparatus operated in the single-sided mode of operation over a range of heat flows (Q) from 0.5 W to 5 W.
The results of the study strongly suggest that, for the materials studied, the expanded uncertainty is independent of material. Further, it is insufficient to provide only a single value for uncertainty, particularly when using the guarded-hot-plate apparatus over a wide range of specimen heat flows.
In this case, the relative expanded uncertainties for thermal resistance increase from 1 % for a thickness of 25.4 mm to 3.5 % for a thickness of 254 mm. The increase in uncertainty is non-linear Method C 177 as a user template. Finally, it should be noted that the uncertainty analysis approach advocated in the GUM is, in principle, applicable to any quantitative measurement process and, therefore, applicable to other ASTM test methods, as well. 
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